Both presynaptic and postsynaptic dopaminergic functions can be estimated by positron emission tomography (PET). While both presynaptic and postsynaptic dopaminergic functions would be regulated by corresponding genes and related to personality traits, the relation between presynaptic and postsynaptic functions in terms of interindividual variation has hardly been investigated. In the present study, both striatal dopamine D 2 receptor binding and endogenous dopamine synthesis rate were measured in the same healthy subjects using PET with [ 
Introduction
The central dopaminergic system is of interest in the pathophysiology of schizophrenia and other neuropsychiatric disorders. Both presynaptic and postsynaptic dopaminergic functions can be estimated by positron emission tomography (PET) using several radiotracers. The binding of dopamine receptors representing postsynaptic functions in the striatum can be measured for each of D 1 and D 2 subtypes using [
11 C]SCH23390 (Halldin et al., 1986; Farde et al., 1987) and [ 11 C]raclopride (Farde et al., 1985; Köhler et al., 1985; Ito et al., 1998) , respectively. The relative activity of cerebral aromatic L-amino acid decarboxylase (AADC) representing endogenous dopamine synthesis rate measured by 6-[
18 F]fluoro-L-DOPA (Gjedde, 1988; Gjedde et al., 1991; Huang et al., 1991) and L-[␤-11 C]DOPA (Hartvig et al., 1991; Tedroff et al., 1992) can indicate the presynaptic dopaminergic function. Using PET, interindividual variations in both presynaptic and postsynaptic dopaminergic functions in the striatum of normal living human brain were observed (Ito et al., 2008) .
It has been reported that the dopamine D 2 receptor density was related to polymorphisms in the dopamine D 2 receptor gene in humans (Jönsson et al., 1999) . Genotypes of human monoaminesynthesizing enzymes, e.g., tyrosine hydroxylase (TH) and AADC, were also determined (Nagatsu, 1991) , and TH genotypes were reported to participate in the regulation of monoamine turnover in the CNS (Jönsson et al., 1996) . It has been reported that dopamine D 2 receptor binding and the endogenous dopamine synthesis rate measured by PET were correlated with personality traits (Farde et al., 1997; Breier et al., 1998; Laakso et al., 2003) .
While both presynaptic and postsynaptic dopaminergic functions would be regulated by corresponding genes and related to personality traits, the relation between presynaptic and postsynaptic functions in interindividual variation has hardly been investigated. In the present study, both striatal dopamine D 2 receptor binding and endogenous dopamine synthesis rate were measured in the same healthy subjects using PET with [ (mean Ϯ SD)] were recruited and written informed consent was obtained. The subjects were free of somatic, neurological, or psychiatric disorders on the basis of their medical history and magnetic resonance (MR) imaging of the brain. They had no history of current or previous drug abuse.
PET procedures. All PET studies were performed with a Siemens ECAT Exact HRϩ system, which provides 63 sections with an axial field of view of 15.5 cm (Brix et al., 1997) . The intrinsic spatial resolution was 4.3 mm in-plane and 4.2 mm full-width at half-maximum (FWHM) axially. With a Hanning filter (cutoff frequency: 0.4 cycle/pixel), the reconstructed in-plane resolution was 7.5 mm FWHM. Data were acquired in three-dimensional mode. Scatter was corrected (Watson et al., 1996) C]DOPA PET scanning for measurement of natural neutral amino acid (NAA) concentration in plasma. NAA concentration was measured by HPLC (L-8500 amino acid analyzer system, Hitachi). The amino acids are phenylalanine, tryptophan, leucine, methionine, isoleucine, tyrosine, histidine, valine, and threonine, which are transported via the same carrier at the blood-brain barrier as L-DOPA (Sugaya et al., 2001) . A weighted sum of the NAAs, which was the L-DOPA-corresponding concentration of the nine NAAs for the carrier system, was calculated according to our previous study (Ito et al., 2006) .
All MR imaging studies were performed with a 1.5 tesla MR scanner (Philips Medical Systems). Three-dimensional volumetric acquisition of a T1-weighted gradient echo sequence produced a gapless series of thin transverse sections (TE: 9.2 ms; TR: 21 ms; flip angle: 30°; field of view: 256 mm; acquisition matrix: 256 ϫ 256; slice thickness: 1 mm).
Regions of interest. All MR images were coregistered to the PET images with the statistical parametric mapping (SPM2) system (Friston et al., 1990) . Regions of interest (ROIs) were drawn on coregistered MR images and transferred to the PET images. ROIs were defined for the cerebellar cortex, caudate head, putamen, and occipital cortex. Each ROI was drawn in three adjacent sections and data were pooled to obtain the average radioactivity concentration for the whole volume of interest. The radioactivity concentration of the striatum was calculated as the average of values of caudate head and putamen. To obtain regional time-activity curves, regional radioactivity was calculated for each frame, corrected for decay, and plotted versus time. No software correction for head movement during PET measurements was applied to the dynamic PET images.
Calculation . With this method, the time-activity curve in the brain region is described by that in the reference region with no specific binding, assuming that both regions have the same level of nondisplaceable radioligand binding:
where C i is the radioactivity concentration in a brain region; C r is the radioactivity concentration in the reference region; R I is the ratio of K 1 /KЈ 1 (K 1 , influx rate constant for the brain region; KЈ 1 , influx rate constant for the reference region); k 2 is the efflux rate constant for the brain region; and 196 denotes the convolution integral. BP ND is defined as BP ND ϭ f ND B avail /K D , where B avail is the receptor density available to bind radiotracer in vivo and K D is the dissociation constant indicating affinity of radiotracer to receptors (Innis et al., 2007) . f ND is the free fraction of radiotracer in the compartment of nondisplaceable binding. In this analysis, three parameters (BP ND , R I , and k 2 ) were estimated by nonlinear least-squares curve fitting. The cerebellum was used as reference region.
Calculation of dopamine synthesis rate. The uptake rate constant for L-[␤-
11 C]DOPA indicating the dopamine synthesis rate was estimated using graphical analysis (Patlak and Blasberg, 1985; Gjedde, 1988; Ito et al., 2006) , which allows for the calculation of the uptake rate constant (k ref ) using time-activity data in a reference brain region with no irreversible binding. k ref values can be estimated by using simple linear leastsquares fitting as follows:
where C i and CЈ i are the total radioactivity concentrations in a brain region with and without irreversible binding, respectively, and t* is the equilibrium time of the compartment for unchanged radiotracer in brain tissue. Plotting
, after time t*, yields a straight line with the slope k ref and intercept F. In the present study, the occipital cortex was used as a reference region with no irreversible binding, because this region is known to have the lowest dopamine concentration (Brown et al., 1979) and lowest AADC activity (Lloyd and Hornykiewicz, 1972) . The equilibrium time t* was set to be 29 min, and data plots of 29 -89 min were used for linear least-squares fitting (Ito et al., 2006 .
Results
The BP ND of the (Reeves et al., 2007) . When the endogenous dopamine synthesis rate measured by PET is either small or large, the concentration of endogenous dopamine in the synaptic cleft must be either low or high, and therefore 11 C]DOPA was reported using microdialysis, indicating that the endogenous dopamine synthesis rate measured by PET can reflect the concentration of endogenous dopamine in the synaptic cleft (Okada et al., 2011) . While interindividual variations of
11 C]raclopride were observed in normal human subjects (Ito et al., 2008) , it has been reported that interindividual difference in B avail was significant, but not that in K D , in human [ 11 C]raclopride PET studies (Farde et al., 1995) . This indicates that the interindividual variation of BP ND would be mainly due to the interindividual difference in B avail rather than K D . B avail is the receptor density available to bind radiotracer in vivo, and it might be smaller than the receptor density in vitro assays due to the competition with endogenous dopamine (Innis et al., 2007) . Thus, the interindividual variation of BP ND would be due to both the interindividual difference in the receptor density and that in the concentration of endogenous dopamine in the synaptic cleft.
Another possible reason for a significant negative correlation between presynaptic and postsynaptic dopaminergic functions might be a compensative relation between the two functions. The mechanism for the regulation of dopamine release from presynapse has been explained by both phasic and tonic dopamine release (Grace, 1991) . Phasic dopamine release would be caused by firing of dopaminergic neuron, and tonic dopamine release would set the background level of dopamine receptor stimulation. If the endogenous dopamine synthesis ability at rest condition measured by L-[␤-11 C]DOPA PET can indicate tonic dopamine release, the background level of dopamine receptor stimulation by tonic dopamine release might be compensatively related to the dopamine D 2 receptor density, indicating that the tone of dopaminergic neurotransmission might not be so different between subjects. In addition, the TaqIA1 allele of dopamine D 2 receptor gene has been reported to be associated with a low density of dopamine D 2 receptors (Jönsson et al., 1999) and with increased striatal activity of AADC in healthy human subjects (Laakso et al., 2005) , supporting our present results. They attempted to explain these findings by a lower dopamine D 2 receptor expression leading to decreased autoreceptor function, and therefore increased dopamine synthesis. However, further studies, including animal studies in vitro and in vivo, will be required to explain the negative correlation between presynaptic and postsynaptic dopaminergic functions in the present study.
Increased striatal dopamine synthesis rate in neurolepticnaive or -free patients with schizophrenia has been reported using PET with L-[␤-
11 C]DOPA (Lindström et al., 1999; Nozaki et al., 2009) or 6-[ 18 F]fluoro-L-DOPA (Hietala et al., 1995) . On the other hand, no significant change in striatal dopamine D 2 receptor density in patients with schizophrenia has been reported using PET with [
11 C]raclopride (Farde et al., 1990) . It might be 11 C]raclopride studies for subjects with low and high BP ND (subjects 1 and 2, respectively) and corresponding images indicating dopamine synthesis rate calculated as the ratio of time-integrated radioactivities from 29 to 89 min of L-[␤-
11 C]DOPA studies between brain regions and the occipital cortex .
valuable to investigate the relation between presynaptic and postsynaptic dopaminergic functions in patients with schizophrenia whether such compensative relation in the striatum was evident or disrupted in patients. It has been reported that the dopamine D 2 receptor density measured by PET with [ 11 C]raclopride was significantly correlated with a certain personality trait, the detachment score of Karolinska Scales of Personality (Farde et al., 1997; Breier et al., 1998) , while no significant correlation was observed between the endogenous dopamine synthesis rate measured by PET with 6-[
18 F]fluoro-L-DOPA and the detachment score (Laakso et al., 2003) . On the other hand, endogenous dopamine synthesis was significantly correlated with anxiety-related personality scales of Karolinska Scales of Personality (Laakso et al., 2003) . These findings indicate that dopamine D 2 receptor density and the endogenous dopamine synthesis rate might be related to personality traits independently, although a significant negative correlation was observed between parameters for both presynaptic and postsynaptic functions in the present study. The relations between personality traits and presynaptic or postsynaptic dopaminergic functions should be further investigated in large series of subjects.
NAAs are transported by the neutral amino acid carrier system in the blood-brain barrier in a competitive fashion (Oldendorf, 1971; Pardridge, 1977; Ito et al., 1995) , and the competitive transport of L-DOPA with NAAs at the blood-brain barrier has been revealed (Ito et al., 2006) . We have previously reported a significant negative correlation between the weighted sum of the NAAs and the overall uptake rate constant of L-[␤-
11 C]DOPA calculated using the arterial input function (Ito et al., 2006) . The overall uptake rate constant calculated using the arterial input function includes the influx rate constant at the blood-brain barrier, and therefore negatively correlated with the weighted sum of the NAAs due to the competitive transport at the bloodbrain barrier. In the present study, no significant correlation was observed between the weighted sum of NAAs in plasma and the dopamine synthesis rate k ref of L-[␤- 11 C]DOPA. Because k ref is calculated using time-activity data in a reference brain region, not in arterial plasma, this parameter does not reflect the influx rate constant at the blood-brain barrier (Ito et al., 2006 . Thus, the dopamine synthesis rate k ref of L-[␤- 11 C]DOPA is independent of the NAA concentration.
In conclusion, a significant negative correlation was observed between parameters for both presynaptic and postsynaptic dopaminergic functions in the striatum of normal human subjects. Although the interindividual variation of BP ND would be due to both the interindividual difference in the receptor density and that in the concentration of endogenous dopamine in the synaptic cleft, this relation might indicate a compensative relation between the two functions. Further studies to elucidate the interindividual variation in dopaminergic neurotransmission tone of neuropsychiatric disorders will be required.
